Composite electrodes of La 0.8 Sr 0.2 MnO 3 (LSM) / La 28-x W 4+x O 54+3x/2 (x=0.85, "LWO56") on LWO56 electrolytes have been characterized by use of electrochemical impedance spectroscopy vs pO 2 and temperature from 900 ⁰C, where LWO56 is mainly oxide ion conducting, to 450 ⁰C, where it is proton conducting in wet atmospheres. The impedance data are analyzed in a model which takes into account the simultaneous flow of oxide ions and protons across electrolyte and electrodes, allowing extraction of activation energies and pre-exponential factors for the partial electrode reactions of protons and oxide ions. One composite electrode was infiltrated with Pt nanoparticles with average diameter of 5 nm, lowering the overall electrode polarization resistance (R p ) at 650 ⁰C from 260 to 40 Ω cm 2 . The Pt-infiltrated electrode appears to be rate limited by surface reactions with activation energy of ~90 kJ mol -1 in the low temperature proton 2 transport regime and ~150 kJ mol -1 in the high temperature oxide ion transport regime. The charge transfer reaction, which makes a minor contribution to R p , exhibits activation energies of ~85 kJ mol -1 for both oxide ion and proton charge transfer.
Introduction
Solid oxide fuel cells (SOFCs) with proton conducting electrolytes (also called proton ceramic fuel cells, PCFCs) have the potential benefit that they, due to higher bulk mobilities of protons vs oxide ion defects, can operate with higher efficiency at lower temperatures than oxide ion conducting SOFCs. Moreover, water formation on the oxygen side instead of the fuel side prevents diluting the fuel, and hence, PCFCs can operate with higher fuel efficiency, simpler balance-ofplant, and reduced risk of anode oxidation. One of the main obstacles so far for utilizing the full potential of PCFCs is the poor performance of the cathode, and state-of-the-art SOFC cathode materials based on oxide mixed ion electron conducting electrode materials (O-MIECs) has not yet shown acceptable performance for PCFCs at intermediate temperatures [1] . In a fuel cell with protons as the only charge carriers, all faradaic current is in principle restricted to pass through the triple phase boundary (tpb) when supplied with O-MIEC or pure electron conducting electrodes. Since the surface kinetics for the reactions preceding water formation in the tpb region is normally slow at low temperatures, they will potentially limit the overall rate of the PCFC cathode reaction. As there are still only a few mixed proton electron conducting (P-MIEC) oxides reported as PCFC cathode materials [2] [3] [4] , a PCFC is therefore more vulnerable to slow kinetics and diffusion at the electrode surfaces than the oxide ion conducting SOFC. Figure 1 illustrates the reaction paths for an O-MIEC electrode on an oxide-ion conductor (a) and on a proton conductor (b), a P-MIEC electrode on a proton conductor (c), and a pure electronic conductor electrode on oxide ion (d) and proton conducting (e) electrolytes. As can be seen for the proton conducting systems in Figure 1 b ) and e), oxygen kinetics at the surfaces around tpb is critical, even if the electrode material is an O-MIEC. A way of enhancing this surface kinetics may be to add nano-sized oxygen catalysts such as Pt to the porous electrode structure. The nano catalysts will also facilitate an increase in active triple phase reaction sites. 3 Strontium doped lanthanum manganite, La 1-x Sr x MnO 3 (LSM), is one of the most studied cathode materials for high temperature SOFCs [5] [6] [7] [8] [9] . Due to its moderate O-MIEC properties at high temperatures, LSM is considered to exhibit acceptable performance for SOFCs at temperatures of 900 ⁰C and above. At lower temperatures, LSM is more or less a pure electronic (hole) conductor, and shows high cathodic overpotential both for proton conducting [10, 11] and oxide ion conducting systems [12] . In this work we study the LSM composition La 0.8 Sr 0.2 MnO 3 as cathode material on the ionic conductor lanthanum tungstate, La 28-x W 4+x O 54+3x/2 (x=0.85, with ratio La/W ≈ 5.60; "LWO56"). LWO56 is mainly proton conducting in wet atmospheres at low temperatures, while oxide ion conduction takes over with increasing temperature. This makes LWO56 suitable as electrolyte material in a study of the rate limiting cathode processes over the whole temperature range, from protonic transport at low temperatures, to oxide ionic transport at higher temperatures.
In order to provide sufficient tpb reaction sites, a 50 / 50 vol% LSM / LWO56 composite electrode is used in this study. To further meet the challenge of slow oxygen kinetics at low temperatures, we infiltrate one composite LSM / LWO56 cathode with a suspension of Pt nanoparticles with diameters of ~5 nm before performing electrochemical impedance spectroscopy (EIS) in the temperature range 450-900 ⁰C. Moreover, dependencies of partial polarization resistances on pO 2 were investigated at 700, 800 and 900 ⁰C on a Pt-free composite electrode.
The characterization of the partial electrode resistances involves a novel way of modelling the deconvoluted EIS data, seeing the flow of protons and oxide ions as parallel charge carrier paths or "rails" [4] . By doing this, activation energies and pre-exponential values for components adding up to the total polarization resistance can be obtained. Activation energies are useful "labels" for elementary reaction steps, and possible shifts in apparent activation energies and preexponential values will give indications on shifts in dominating rails and rate limiting reaction steps. Kinetic parameters for reactions at the surface and electrode / electrolyte interface often entail charge transfer resistance, R p,ct , to be a more dominant part of the total R p at high temperature, while diffusion and/or surface related polarization resistance, R p,d , often limits the reaction rate at lower temperatures. In addition, charge carrier characteristics of electrode and electrolyte materials may change over the measured temperature range, altering the reactions that make up R p,ct and R p,d . In this work, we study the effect on R p,ct and R p,d as the electrolyte material changes 4 from being a high temperature oxide ion conductor, through a transition temperature region of mixed ionic conductivity, to exhibiting pure proton conductivity at lower temperatures.
Theory
The ionic transport through an electrolyte like LWO56 takes place by a mixture of protons and oxide ion defects, depending on temperature and pH 2 O. Each type of charge carrier undergoes red-ox at the oxygen electrode, and elementary reaction steps should be described accordingly. The parallel transport of protons and oxide ion defects may give rise to interactions between the two charge carriers in the bulk of the materials, constituting an internal chemical storage of water by hydration and dehydration, with capacitive behavior [13, 14] . We do not see indications that this plays a major role in the present system, but we cannot exclude it. However, in the absence of simple analytical ways of integrating such chemical capacitances in the model, and in order not to add to the complexity of the model, we will disregard them onwards here. Figure 3 gives a typical Nyquist plot, taken of the Pt-infiltrated LSM / LWO56 composite electrode at 600 ⁰C in wet oxygen. When deconvoluting it, the intercept with the real axis, marked as S0 in Figure 3 , represents the area-specific electrolyte volume resistance, v R , given as
The next point, shown as S1 in Figure 3 , represents the serial sum of v R and the first part of the area-specific polarization resistance, namely the charge transfer resistance, ct p R , . More precisely, the resistance in S1, R S1 , is a parallel connection of the oxide ion and proton rails where each has volume and charge transfer contributions. We may thus write
In the same manner S2, apparently representing the serial connection of 
If it should be expedient to represent the data by apparent partial resistances The partial resistances for electrolyte volume, charge transfer and diffusion can be expressed for protons and oxide ions by conductivities and electrode reaction expressions in terms of enthalpies, pre-exponentials and pressure dependencies. First, we obtain volume conductivities for protons and oxide ions. By assuming that bulk transport is dominating the transport in the electrolyte, the partial volume conductivities are given by
m is molar density, 4 -3x represents the concentration of oxygen vacancies in the dry state [15] , given by the W-excess, x, and µ 0 is the pre-exponential mobility factor for each charge carrier. If we plot ln(σ v T) vs 1/T in the range 450-900 ⁰C and use pre-defined enthalpies for each charge carrier mobility [16] as well as a general concentration expression for protons [17] containing standard hydration entropy and enthalpy [18] , pre-exponential mobility factors for each partial conductivity in the electrolyte can be extracted through equations 4 and 5. Area-specific partial volume resistances are obtained by
, where l is the electrolyte thickness. In this work, a three electrode set up is deployed, and by applying the working and reference electrodes on opposite sides of the button cell, we assume that l can be approximated by the full sample thickness.
For charge transfer and diffusion in the case of protons or oxide ions, each partial polarization resistance is written as standard activated rate expressions with dependencies on pO 2 and pH 2 O:
Here, A 0 is the pre-exponential "mobility" factor, containing the area-specific molar attempt rate, and E A is the activation energy of the elementary electrode reaction step with resistance R for each ionic charge carrier. In order to relate A 0 directly to area-specific resistance, we will in the following present the pre-exponential factor as what may be labelled an "exchange resistance",
The fitting of the equations to the measured data is done in three steps. using Equations (2) and (7). In the third step, measured values of R S2 are fitted to Equation (3) and (7) pellet. The sample was dried for 1 hr at 100 ⁰C and fired at 1200 ⁰C for 4 hrs. The symmetrical cell was used for pO 2 -dependency measurements.
Two pellets of LWO56 were prepared for the temperature-dependency measurements. On the bottom side, 10 mm diameter Pt electrodes (Metalor 6926) were brush-painted as counter electrodes, and at the sample bottom circumferences, Pt paste was brush-painted to act as reference electrode. The Pt electrodes were fired at 1100 ⁰C for 1 hr. Circular composite electrodes of LSM / LWO56 were brush-painted on the top side of both pellets and fired at 1200 ⁰C for 4 hrs.
One sample was impregnated with Pt nanoparticles (see below), and one was left untreated for comparison. 
Synthesis, application and characterization of Pt nanoparticles

Electrochemical measurements
The symmetrical sample used for pO 2 dependency measurements was mounted in a ProboStat sample holder (NorECs, Norway), where EIS was carried out at 700, 800 and 900 ⁰C, in the frequency range 100 kHz -1 mHz and at 30 mV oscillating voltage with a HIOKI 3522-50 LCR Hitester. Impedance measurements were done as a function of pO 2 , isothermally at each temperature step.
The temperature dependency measurements were performed with a Novocontrol Alpha A frequency analyzer in a three electrode set up. The Pt-infiltrated sample was measured stepwise every 50 ⁰C from 900 to 450 ⁰C in wet oxygen. The non-infiltrated sample was measured under the same conditions as the Pt-infiltrated sample; also in a three electrode setup, at 850-650 ⁰C.
Below 650 ⁰C the low frequency part of the spectrum was too incomplete to allow deconvolution.
Current collection was done by pressing a gold mesh supplied with spring loads onto each side of the symmetrical sample. On the non-symmetric sample, gold mesh was used as current collector, pressed down on the working and counter electrodes, while the reference electrode, painted in a ring around the counter electrode, was contacted with a flat-pressed ring of Pt wire according to Deconvolution of EIS data was done by fitting the impedance data to a Randles-type equivalent circuit with constant phase elements (CPE) as capacitive circuit elements. At lower temperatures and oxygen pressures, the low frequency dispersion exhibited a drop-shape semi-circle closing, and was therefore deconvoluted with a Gerischer element in series with the Randles circuit. The DC resistance associated with the Gerischer element was added to the diffusion part of the resistance in modelling of partial resistances. Figure 5 gives the deconvolution model. The high frequency intercept on the real axis in the Nyquist plot was set as the parallel combination of ionic volume resistance in the LWO56 electrolyte.
Results and discussion
Nano-sized Pt particles
HRTEM micrographs of the Pt nanoparticles dispersed on a holey carbon TEM grid are shown in Figure 6 and Figure 7 . As can be seen from the micrograph in Figure 6 , the size distribution is relatively uniform, with diameters in the range 2-5 nm, and little agglomeration is seen, enabling effective infiltration into the porous electrode microstructure.
Electrode microstructure
Post analysis by SEM showed well-adhered electrode layers with thickness of ~10 μm. The electrode layers had sufficient porosity and small grains (d: ~0.5 μm) in a well-connected grid.
The elemental analysis, performed by Energy-Dispersive X-Ray Spectroscopy (EDS) showed no sign of secondary phases between LSM and LWO. Figure 8 shows cross sectional micrographs of the electrode layers on the symmetric sample (a) and Pt infiltrated sample (b). EDS showed traces of Pt (~1.5 atomic %), but no particles could be imaged. The Pt particles are most probably too small to be properly imaged / measured by SEM, even after coarsening at high temperatures.
Temperature dependencies
In Figure 9 , we show a Nyquist plot with fitted model results for the Pt-infiltrated sample at 500
⁰C in wet oxygen according to the deconvolution model presented in Figure 5 . As can be seen from the example at 500 ⁰C, the deconvolution exhibits good agreement with measured data. The deconvoluted R p 's for Pt-infiltrated and non-infiltrated samples in wet O 2 are shown in Figure 10 , and 650 ⁰C, respectively. There is a slight bend in Arrhenius-type plot at 600-750 ⁰C, coinciding with the temperature region where LWO56 changes from being mainly proton to mainly oxide ion conducting.
The high capacitance and hence low frequency group of processes, which may involve gas diffusion, surface exchange, red-ox of oxygen species and surface diffusion, here characterised in terms of diffusion resistances and labelled d p R , , will probably involve oxygen or oxide species.
In Figure 10 , a gradual change in apparent activation energy is seen for ) as shown in Table 1 . What can be seen is that the attempt rates and activation energies are similar for protons and oxide ions in the charge transfer reaction. The two surface processes,
differ, with low attempt rate and activation energy for the former and high attempt rate and activation energy for the latter.
These parameters indicate a larger surface reaction area for the species connected to the oxide 12 ion rail than for the ones connected to the proton rail. The surface reaction in the protonic rail is on the other hand less energy demanding.
In Figure 11 , makes the charge transfer reaction dominant at high temperature. It is reasonable to suggest that the surface reaction limiting the proton rail is confined to the area close to the triple phase boundary, given the attempt rate similar to the proton charge transfer step. The surface reaction in the oxide ion rail, however, seems spread to a wider surface area, given the higher attempt rate for
. Considering both the attempt rates and the activation energies for the surface reaction, we suggest that the protons undergo a surface process in the vicinity of the triple phase boundary, while the oxide ions undergo a surface reaction with higher energy barrier, but with a wider active reaction zone at the highest temperatures.
Regarding the charge transfer reaction, the results indicate that both oxide ions and protons are confined to pass through the tpb, exhibiting similar attempt rates and activation energies for the two species. The ionic conductivity in LSM at 900 ⁰C is reported to be as low as 5·10 -6 Scm -1 [21] and 8·10 -8 Scm -1 [22] . This low ionic conductivity also indicates a reaction path for both protons and oxide ions mostly through the tpb, as shown in Figure 1d ) and e). 
Diffusion resistances
The activation energies of the rate limiting reaction step for mass transport at or in the electrode (here termed diffusion resistance, 
